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ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive technique for
quantifying trace amounts of analyte adsorbed at a roughened metal surface. Many
techniques, including electrochemical etching and e-beam lithography, have been
previously used to produce roughened metallic surfaces. In this report we demonstrate that
novel gold nanostructured films, which are simply fabricated using gold nanopartiqles and
latex microspheres, can be used as highly sensitive SERS substrates. The gold films are
templated by layers of colloidal crystals and display long ranged ordered regions. These
films are porous on two length scales and, therefore, possess a high surface area. The
SERS activity of the substrates was characterized using sodium cyanide as a model
compound. By integrating these substrates into a flow chamber we have obtained
consistent repeatable data and demonstrated the quantitative detection of sodium cyanide
in the concenration region from 5 to 500 ppb. These data reveal that cyanide detection can
be significantly enhanced by lowering.the pH after cyanide adsorption, likely indicating a
conformational change of the bound cyanide. We have found that the optimum size of the
Jatex microspheres is approximately equal to the wavelength of the laser. Finally, the
SERS activity of the gold substrates coated with silver nanoparticles was investigated
using methyl phosphonic acid (MPA). We found that detection of MPA was dependent on
the time between coating the substrate with silver nanoparticles and measuring the SERS
spectra. These studies show that novel materials formed by simple wet chemistry

techniques can be used efficiently in practical devices for the detection of chemical agents.




INTRODUCTION

It has been long recognized that the key to making SERS a routine detection
method for analytical methods is to develop substrates that are highly sensitive, selective,
reproducible and inexpensive. Methods which produce a roughened metallic surface, such
as electrochemical technibqucas,1 metallic nanoparticles adsorbed on a surface,” vapor
deposition of metal onto a roughened surface,’ and microfabrication of patterned metallic
structures? cannot meet all of these requirements. Specifically, electrochemical roughening
has the disadvantage of poor reproducibility, and microfabrication has the disadvantage of

being expensive and time consuming.

The use of metallic nanoparticles on a solid substrate is one of the most promising
and simple methods of forming SERS substrates. Previous work has shown show that
metallic nanoparticles adsorbed on a glass surface using either biospecific or metal-affinity
interactions,5 could serve as SERS substrates, however these structures lack advanced
features, such as periodicity, which are present in microfabricated structures.> ® Also, all
previously proposed mett;ods of making SERS substrates lack the ability for making three

dimensional ordered structures, which may have a higher SERS activity.

We have recently introduced a method of forming three dimensional nanostructured
metallic films on microscope slides.” ® The structures are formed by using colloid crystals
to template gold nanoparticles into multicrystalline films. Gold and latex particles are
mixed together and slowly coated on the surface of a substrate. As the solvent evaporates
from the film colloidal crystals from the latex microspheres form initially, and, as the

liquid recedes into the interstitial voids of the colloidal crystals, the gold nanoparticles are




packed together around the latex crystal template. The latex spheres can then be removed
by dissolution in an organic solvent, leaving a three dimensional array of gold
nanoparticles arranged into an ordered pattern. The advantages of this method are the
rapid, simple and inexpensive fabrication of SERS substrates with advanced features
including periodicity. Previously we have shown that these structures are highly sensitive

SERS substrates for the detection of BPE.”8

In this report we describe how to form novel SERS substrates and how these
substrates can be integrated into an on-line flow chamber, which can be used to study the
effect of solution conditions and additives on the detection performance of sodium
cyanide. The overarching goal of this work is to develop a precise and robust procedure for
characterization of the substrates in flow devices and understand the factors that enhance
or impede the sensitivity of practical devices based on such microstructured substrates. A
shortcoming of many previous studies is that the sample to be detected was applied to the
substrate either by drying the sample on the substrate or encapsulating the sample in a
stagnant solution. Both of these methods must assume that the substrates é.re uniform in
structure and that the analyte is evenly dried on the surface, which is likely not true, so the
effects of solution conditions and analyte concentration may not be evaluated properly. We
demonstrate a simple method for sampling the same location repeatedly in a flow chamber,
which allows the complex SERS dependence of surface structure to be decoupled from the
adsorption equilibria and surface properties of cyanide bound to gold. The use of flow
chamber continuously sampling a flux of liquid opens the way to the practical application

of SERS detectors in chemical defense for military and civilian purposes.




EXPERIMENTAL

Materials and Substrate Preparation. The gold particles were prepared by the
standard procedures reported earlier.” '° The gold nanoparticles were 25 nm in diameter.
These particles were concentrated using 5 kD MWCO centrifuge filters, which
concentrated the solution approximately 100 times. The gold solution was then further
centrifuged (in the absence of a filter) to concentrate the solution another order of

magnitude. The final gold concentration was typically 1-5 wt%.
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Figure 1. Schematic diagram of the assembly method used in this
work for forming macroporous/mesoporous gold films.

Negatively charged polystyrene microspheres (650 nm) were diluted 10 times in
deionized water, Tween 20 was then added to further stabilize the latex particles (final
conc. of 0.0002 wt. %) and then the particles were settled by centrifugation. The final

concentration of the microspheres was ca. 20 wt%. Approximately 8 pl of concentrated




gold and 4 1 of concentrated latex were mixed and spread onto a glass slide, as shown in
Figure 1. The top plate was attached to a linear motor, and was translated horizontally at
=2 pm/s. The relative humidity strongly affected the degree of ordering and the drying
time, although the latex/gold films were typically dry within 45 minutes. The substrates
were then washed in toluene to remove the latex particles, and finally they were treated
with dimethylchlorosilane to promote the adhesion of the gold structures to the glass

substrates.

On-line Measurements and Instrumentation. Figure 2 shows how the
nanostructured films where integrated into a flow chamber that we designed for on-line
detection. A small microscope chamber (170 W) was clamped to the substrate using two
steel square plates, each with a circular opening to optically access the gold film. Teflon
tubing (0.08 cm diameter at the inlet, 0.16 cm at the outlet) was then connected to the two
microscope chamber ports and a peristaltic pump a was used to pass the sample through
the flow chamber at 0.4 ml/min. Teflon grease was used to seal the port opening to prevent
water leakage at these connections.

The chamber was then placed inside the Raman detection system. The Raman
instrument consists of an EIC Laboratories, Inc. echelle spectrograph Model NIR700
(approximately 1 cm’! resolution), diode ‘laser operating at 785 nm, and EIC
RamanProbe™ fiber optic Raman probe. Spectra were collected and processed by the
EIC2000 software package. The laser power was limited to approximately 30 mW to avoid

damaging the substrate, and the sample collection time was 60 sec. To avoid interference
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Figure 2. Schematic diagram of the Raman flow chamber integrated
with the nanostructured gold films.

in the spectra by ambient light, the flow cell was placed on an X-Y translation stage in a
dark box containing the fiber-optic probe. The translation stage was used to position the
substrate at the focus of the RamanProbe™, and the position of the beam spot on the

substrate was monitored with a CCD camera.




RESULTS AND DISCUSSION

Substrate treatment and experimental methodology. Since gold is generally
hydrophobic and glass is hydrophilic, the gold structured films were initially not well
adhered to the microscope slides. We have solved this problem by treating the substrates
with dimethylchlorosilane, which made the microscope slides hydrophobic and enhanced
the adhesion of the gold to the glass substrates. Afterward, the substrates where
mechanically stable in flowing water stream and could be used for extended periods of
time without the metal peeling off the glass substrate. This good substrate stability allowed
performing repeated experiments on the same position of the substrate at various solution
conditions, and thus separating the effects of the substrates from the effects of the medium

conditions.

Effect of pH on the signal intensity. A major finding was that the Raman signal of
cyanide was dependent on the pH of the solution used to adsorb cyanide and the pH of the -
solution used after adsorption during detection. The pKa of sodium cyanide is
approximately 9.5. At neutral pH, cyanide does not adsorb on the gold, which lik.elyiirsﬂ;ue
to its being in a non-ionizated state. At high pH (~13), cyanide adsorbs on gold readily, as
shown in Figure 3A. Surprisingly, the Raman signal for cyanide can at this stage be
enhanced by reducing the pH of the solution (without adding more cyanide) by flowing
dilute nitric acid (0.01 M HNO3) through the flow cell, as shown in Figure 3B. This effect
was reversible since the pH could be increased with 0.1 M NaOH (again without any
further addition of cyanide), which gave the same spectra as before (Fig. 3C). Subsequent

treatment of the substrate with dilute nitric acid gave similar spectra as before (Fig. 3D). It




should also be noted that the cyanide peak shifted from 2130 cm’ at neutral pH to 2140

cm’! at basic pH.
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Figure 3. Effect of the solution pH on the detection of 100 ppb sodium cyanide.

The origin of the pH dependence of the Raman signal appears to be due to a
conformational change of adsorbed cyanide on the gold surface. The ionization state of
cyanide in solution changes between neutral and very basic pH, which also supports that a

conformational charge may occur. It has been shown previously that the bonding




mechanism for cyanide to gold in an aqueous environment is largely jonic,!! in contrast to
carbon monoxide, which bonds to gold in a mostly covalent manner. It has also been
shown the adsorption energies of cyanide on nickel varies by only a few percent, indicating
that a change in orientation may be possible due to a change in the pH.lz’ 13 Finally, the
solution and surface bound properties of cyanide seem to be quite different, since although
cyanide molecules are not adsorbed on the gold particles at neutral pH, they remain

adsorbed at neutral pH once the molecules have been bound at high pH.

Effect of cyanide concentration. We have characterized the linear range of our
SERS substrates for the detection of sodium cyanide, which is shown in Figure 4. The
normalized peak area, which is proportional to the amount adsorbed, versus the log of the
cyanide concentration is linear, which indicates a Langmuir type isotherm. Others have
shown that a monolayer surface coverage of cyanide on gold corresponds to a solution
concentration of 500 ppb cyanide,14 which agrees well with our results. Also above 500
ppb, we observed a reduction in cyanide signal, likely indicating that the excess cyanide
caused dissolution of the gold. Further, although it has been reported that cyanide adsorbed
on a silver electrode gave a linear dependence between peak area and cyanide
concentration on a log-log plot,15 this result likely is not in contradiction with our results
since our data is approximately linear on a log-log plot. The practical lower limit of

detection achieved in this work was 5 ppb sodium cyanide.
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Figure 4. Effect of cyanide concentration on the Raman signal for sodium cyanide.

Effect of Size of Latex Particles. We studied the effect of the size of the latex
particles on the measured peak area for 100 ppb cyanide in 0.1 M NaOH, which is shown
in Figure 5. Interestingly we observed a maximum in the Raman signal at a latex
microsphere size (720 nm) that roughly corresponded to the wavelength of the laser (785
nm). This behavior suggests that light interacts with the structured film in a resonance
manner, which can be compared in principle to photonic crystals that exhibit a maximum
' reflectance at wavelengths of light corresponding to their band gap. The cavities of the

structured material are comparable in size to the wavelentgh of light and this acts as an
array of chambers resonating at a specific frequency. Similar behaviour has been observed
previously with microfabricated substrates, however our method allows very facile and
easy tuning of the resonance frequency via the diameter of the latex templates. Precisely

matching the size of the latex particles may lead to further Raman enhancement.
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Figure 5. Effect of the size of the latex spheres on the measured Raman peak
area for 100 ppb cyanide in 0.1 M NaOH at 2125 cm.

Effect of Film Thickness. The thickness of the films could be varied typically
between one to two layers of latex particles thick as shoWn in Figure 6. To study the effect
of film thickness on the detection of cyanide, it was necessary to to develop an
experimental procedure to identify the location on the substrate that was sampled by the
laser. We have done this by burning a hole in the substrate by raising the laser power to
much higher levels than that used for the actual sampling. Afterward, we could identify the
location of the hole by SEM and determine whether the film was a monolayer or bilayer. In

Figure 6, both images show an edge of a hole that was created by the laser.
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140

Figure 6. Typical (a) bilayer and (b) monolayer structures which were formed
using the deposition method described in this work.

Figure 7 shows Raman spectra obtained by structures that were determined to be
monolayer and bilayer. Further data is required to confirm these results, but it appears that
increasing thickness leads to increasing enhancement, which is likely due to the increased
gold content and substrate area in the pores per scattering cross section. However, it is
unlikely that further increase the film thickness past a bilayer or trilayer will cause a
concomitant increase in the Raman signal. We will look for optimization of the gold

thickness in our future studies.

— Bilayer
- Monolayer

2050 2075 2100 2125 2150 2175 2200

Raman Shift (cm™)

Figure 7. Raman spectra for 100 ppb cyanide adsorbed initially in 0.1 M NaOH,
and then measured in water.
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Preliminary Studies of Nontemplated Porous Films. We also examined the
possibility of preparing porous gold films without the use of latex particles in order to
understand the role of substrate porosity and structure for the intensity of the SERS
spectra. The deposition procedure was similar to that described above, but instead we used
only a concentrated gold suspension (without latex microspheres), and dried a small

amount (~10 pL) of the gold directly on a glass microscope slide. The resulting gold films

were thick and appeared as a smooth gold mirror. Further inspection of the gold films by
SEM revealed that two different fypes of structures could be prepared by this procedure
(Figure 8). The film in Figure 8a has macropores that are approximately a half micron in
size, which is similar to the size of the latex particles used in the template films. However
the film in Figure 8b, prepared by the same procedure but with a different batch of gold,
shows no macropores. We speculate that the difference between the two films is due to a

differing degree of aggregation of the nanoparticles before the gold film was formed.

Figure 8. Gold nanostructured films formed without latex templates: (a)
macroporous gold layer likely formed from aggregated gold, (b) gold layer
without macropores likely formed from unaggregated gold.

14




Preliminary characterization of these films by Raman spectroscopy showed
significant differences. The porous film showed enhancements greater than that obtained
with the terhplated materials, likely due to thc larger amount of gold per scattering cross
section. However, the nonporous films were unable to detect 100 ppb cyanide, suggesting
that materials without pores do not have the proper surface topology for the sensitive

SERS detection of cyanide with gold colloids.

Effect of silver substrates on the detection of MPA. A silver enhancing kit
(BBInternational) was used to modify the surface of the gold substrate in order to detect
MPA. Enhancement of the substrate involves reduction of silver from one solution (the
enhancer) by another (the initiatior) in the presence of the gold particles. This process may
be sensitive to light and oxygen, resulting in degradation of the substrate coating. We
found that a slide prepared two weeks prior to MPA exposure showed no sign of MPA
detection by SERS, despite being stored in the dark. However, when a fresh layer of silver
particles was deposited on a substrate previously coated with silver it was possible to
detect the prese;lge of 1 ppt MPA in wafer. This worked better than depositing the silver

directly onto an untreated gold substrate and measuring for MPA detection immediately.

This area requires further investigation in our future studies.

CONCLUSIONS

We have studied the SERS response of gold nanostructured substrates to sodium
cyanide in a flow chamber. Quantitafive detection of cyanideb from 5 to 500 ppb was
demonstrated at neutral to basic pH. The Raman signal for cyanide could be enhanced after

" adsorbing cyanide at high pH by reducing the pH with dilute nitric acid, which is likely

15




due to a conformational change of the bound cyanide on gold. We have also shown
preliminary results on determining the optimum thickness and periodicity for the detection
of sodium cyanide. The data presented in this paper illustrates a method to optimize the
design of continuous on-line devices for cyanide detection in water. We have been able to
perform preliminary experiments to detect phosphonates on substrates made from silver
nanoparticles. The data demonstrate the applicability of our substrates and the developed

flow chamber in army and civilian devices for chemical detection.
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